It continues to be argued that a forefoot (FF) strike pattern during running is more economical 31 than a rearfoot (RF) pattern; however, previous studies using one habitual footstrike group have 32 found no difference in running economy between footstrike patterns. We aimed to conduct a 33 more extensive study by including both habitual RF and FF runners. The purposes of this study 34 were to determine if there were differences in running economy between these groups and if 35 running economy would change when they ran with the alternative footstrike pattern. Nineteen 36 habitual RF and 18 habitual FF runners performed the RF and FF patterns on a treadmill at 3.0, Humans are capable of running with different footstrike patterns which are typically 52 defined by the location of the center of pressure relative to the length of the foot at initial ground 53 contact (6) or visually, by the part of the foot that is seen to make initial contact with the ground. 54 These patterns have been described in the literature as 1) rearfoot (RF): strike index of 0-33% 55 and making initial contact with the heel; 2) midfoot (MF): strike index of 34-66% and making 56 initial contact with the whole foot at nearly the same time; and 3) forefoot (FF): strike index of 57 67-100% and making initial contact with the ball of the foot (1, 6, 11, 17, 21, 32). Although 58 approximately 75% of all runners make initial contact with the heel first (RF pattern), more top 59 finishers of short, middle, and long distance events run by making initial contact with the 60 anterior portion of their foot (FF or MF pattern, described together as FF pattern) (17, 21, 24, 61 32). The FF pattern has been suggested to enhance running economy compared to the RF pattern 62 in both scientific literature and popular media (17, 20, 25), which has lead to recommendations 63 that RF runners should change to a FF pattern (17, 34). Not only is there no empirical evidence 64 to support these claims, no differences in running economy between RF and FF strike patterns 65 has been detected in three previous studies (2, 11, 34). 66
INTRODUCTION
knee flexion during the stance phase, a more extended leg at touchdown, and reduced plantar 74 flexion joint moments (18, 43) . Interestingly, many of these features are characteristic of those 75 runners who use an RF pattern (43) . 76
Running with the FF strike pattern has been endorsed as a way to improve performance 77 despite the mechanics of RF running having been associated with better running economy (18, 78 43) and there being no difference in rates of oxygen consumption between RF and FF patterns 79 observed in previous studies (2, 11, 34) . Additionally, these previous studies comparing running 80 economy between footstrike patterns were limited by small sample sizes, and did not include 81 both habitual RF and habitual FF runners. The small sample sizes may contribute to the 82 difficulty in detecting significant differences in economy across several speeds and between 83 footstrike patterns. While most studies have focused on running economy, examining other 84 metabolic variables, such as rate of carbohydrate oxidation, may be meaningful because 85 carbohydrate availability is one of the limiting factors in endurance exercise (10) . 86
Comparing both habitual RF and habitual FF runners performing their self-selected 87 footstrike pattern could eliminate the potential for artificially high oxygen consumption as a 88 result of performing a novel task. Habitual FF runners, by nature, have already adapted to the 89 mechanical and physiological demands of the task and thus no habituation period is needed. 90
Including both groups of runners also has a number of advantages over training habitual RF 91 runners to use the FF pattern. For example, training studies require adequate adherence to the 92 training protocol, which would be difficult to guarantee without constant monitoring. Therefore, 93 the first purpose of this study was to determine if there were differences in running economy 94 between footstrike patterns in both habitual RF and habitual FF runners performing their 95 preferred footstrike pattern. Given the evidence suggesting that gait mechanics used in RF 96 extremity or back within the past year. Habitual footstrike pattern of each participant was 120 determined using a combination of the strike index (SI) (6), the characteristics of the vertical 121 ground reaction force (GRF), and the sagittal plane ankle angle at touch-down (16). Vertical 122 GRF and center of pressure were recorded at 1200 Hz and three-dimensional ankle angles were 123 recorded at 240 Hz while each participant performed five over-ground running trials at their 124 preferred running speed. Participants were classified as RF runners if the strike index was 125 between 0-33%, the ankle angle at initial contact was above 5 degrees of dorsiflexion, and the 126 vertical GRF exhibited the presence of a distinctive impact peak. Participants were classified as 127 MF runners if the strike index was between 34-66%, the ankle angle at initial contact was 128 between 5 degrees of dorsiflexion to 5 degrees of plantar flexion, and vertical GRF exhibited a 129 blunted impact peak. Participants were classified as FF runners if the strike index was greater 130 than 66%, the ankle angle at initial contact was greater than 5 degrees of plantar flexion, and the 131 vertical impact peak was absent. Given that approximately 2% of recreational and elite runners 132 are classified as FF runners and 24% as MF runners at long-distance running speeds (17), we 133 combined MF and FF runners into one group to ensure sufficient statistical power (referred to as 134 the FF group). The FF group was made up of fourteen participants classified as MF runners and 135 four participants classified as FF (Table 1) . Nineteen participants were classified into the RF 136 group (Table 1) . 137
Equipment. The volume and content of gases expired by each participant while running 138 on a motorized treadmill was measured by indirect calorimetry using a metabolic cart (TrueOne,  139 ParvoMedics, Sandy, UT, USA). The volume of gas exchange was used to calculate the gross 140 rate of oxygen consumption. Motion capture data were used to monitor the footstrike pattern 141 used by the participants during each condition. Calibration and tracking reflective markers were 142 placed on the right leg and foot according to previously published standards (28). Three-143 dimensional motion was recorded by an eight-camera Oqus 3-Series optical motion capture 144 system (Qualisys, Inc., Gothenberg, Sweden) sampling at 240 Hz. A treadmill (Star Trac, 145 Unisen, Inc., Irivine, CA, USA) was placed in the center of the motion capture collection 146 volume. Each participant wore a neutral racing flat running shoe (RC 550, New Balance, 147 Brighton, MA, USA) provided by the laboratory to standardize any effects of cushioning or other 148 footwear properties. 149
Experimental Protocol. Each participant arrived at the laboratory having fasted for at 150 least three hours and had refrained from exercise before the data collection. Each participant was 151 allowed to warm-up on the treadmill for several minutes as needed and to practice each 152 footstrike pattern at running speeds of 3.0, 3.5, and 4.0 m•s -1 , which are subsequently referred to 153 as the slow, medium, and fast speeds, respectively. Participants were allowed to adjust their 154 running speeds by no more than 5% if necessary to allow them to run more comfortably. If a 155 participant required an adjustment in the slow, medium, or fast speed, the adjusted speed was 156 used for both footstrike conditions for that participant. None of the participants chose to have 157 the speed adjusted at the slow speed. A small number of participants chose to have the speed 158 adjusted at the medium (n=3) and fast (n=8) speeds. The average medium and fast speeds were 159 the same for both groups and averaged 3.5±0.1 m•s The three-dimensional positions of the markers placed on the foot and leg were tracked 187 using Qualisys Track Manager software (Qualisys, Inc., Gothenberg, Sweden) then exported to 188 Visual 3D software (C-Motion, Inc, Rockville, MD, USA). The ankle joint angle at touchdown 189 (AATD) and during the stance phase was calculated using methods published elsewhere (9, 44) . V O 2 was 5.8% greater in the RF group compared to the FF group (P<0.001, d=0.8) ( Fig. 2A) . 226
There was no significant difference between groups for %CHO when performing the FF pattern 227 at the slow speed (P=0.359, d=0.2) (Fig. 2B) . 228
At the medium speed, a significant group by footstrike pattern interaction was observed 229 for V O 2 (P=0.003) but not for %CHO (P=0.153) (Fig. 2) 2A). %CHO was 3.5% greater with the FF pattern compared to the RF pattern, but this 243 difference was not statistically significant (Fig. 2B) . 244
Examining the individual results revealed that 83%, 95%, and 69% of the participants in 245 the RF group had greater V O 2 with the FF pattern at slow, medium, and fast speeds, respectively 246 (Table 2 ). In the FF group, 56% of the participants had greater V O 2 with the FF pattern at the 247 slow speed but this percentage increased to 67% and 75% at the medium and fast speeds 248 respectively (Fig. 2) . The individual results also indicated that 78%, 74%, and 75% of the 249 participants in the RF group had greater %CHO when performing the FF pattern at the slow, 250 medium, and fast speeds, respectively (Table 2 ). In the FF group, 39%, 61%, and 56% of the 251 participants had greater %CHO with the FF pattern at the slow, medium, and fast speeds, 252 respectively (Table 2) . 253
Kinematics. A significant group by footstrike pattern interaction was observed for AATD 254 at each speed (P<0.05) (Table 3) . Characteristically, the RF pattern resulted in a dorsiflexed 255 position at touch-down whereas the FF pattern resulted in a plantar flexed position at touch-down 256 in both groups (P<0.001, d>1.0). The RF group had a greater plantar flexion angle at touchdown 257 compared to the FF group when both performed the FF pattern (slow: P=0. 015, d=0.8; medium: 258 P=0.030, d=0.6; fast: P=0.047, d=0.6) . No differences in ankle angle were observed between 259 groups when performing the RF pattern (slow: P=0. 455, d=0.3; medium: P=0.146, d=0.6; fast: 260 P=0.399, d=0.3) . The ankle angle from approximately 15% of stance to toe-off was not different 261 between groups indicating that each group successfully replicated the alternative footstrike 262
pattern. 263
No significant group by footstrike pattern interactions or group main effects were 264 observed for SF, SL or CT across all speeds (P>0.05) (Table 3) . However, significant pattern 265 main effects were observed for SF, SL or CT at all three speeds (P<0.05) ( Table 3 ). The RF 266 pattern resulted in a less than 2% lower SF, a less than 2% greater SL, and approximately a 10% 267 longer CT compared to the FF pattern at all three speeds. 268
269

DISCUSSION 270
The present study compared running economy and the relative contribution of 271 carbohydrate oxidation to total energy expenditure between RF and FF strike patterns in groups 272 that habitually run with either a RF pattern or a FF pattern. We found no difference in rates of 273 oxygen consumption or relative contribution of carbohydrate oxidation to total energy 274 expenditure between habitual RF and FF runners performing their habitual footstrike pattern at a 275 slow, medium, and fast speed. When performing the alternative footstrike pattern, FF running 276 resulted in greater rates of oxygen consumption than RF running in the RF group at the slow and 277 medium speeds and across groups at the fast speed. FF running also resulted in greater 278 carbohydrate oxidation than RF running in the RF group at the slow speed and across groups at 279 the medium speed but no difference was observed at the fast speed. 280
The major finding of this study was that, among habitual RF and habitual FF runners, 281 there does not appear to be any particular advantage to one group over another in running 282 economy. However, there may be an advantage to being habituated to the RF strike pattern with 283 respect to carbohydrate oxidation relative to total energy expenditure. Previous studies did not 284 find differences in running economy between footstrike patterns, but only included one group of 285 runners habituated to either the RF or FF patterns (2, 11, 34) . The first hypothesis of the present 286 study was that running economy would be better in habitual RF runners performing the RF 287 pattern compared to habitual FF runners performing the FF pattern. This hypothesis was 288 rejected. Small effect sizes and no statistically significant differences in the rates of oxygen 289 consumption or carbohydrate oxidation were found between groups when performing their 290 habitual pattern at each speed. However, moderate effect sizes indicated that the contribution of 291 carbohydrate to total energy expenditure was lower in the RF group when both groups performed 292 their habitual footstrike pattern at the slow and medium speeds. This result suggests that the RF 293 group running with the RF pattern might conserve the limited intramuscular glycogen stores and 294 potentially be able to sustain an endurance run longer (35) than the FF group performing the FF 295 pattern. Thus, among runners fully habituated to a specific footstrike pattern, the RF pattern may 296 have a particular advantage to the FF pattern in the primary physiologic factors that affect 297 endurance running performance. These findings support earlier experimental evidence 298 indicating that the mechanics of the RF strike pattern were characteristic of more economical 299 runners. 300
Another major finding of this study was that the RF strike pattern was more economical 301 than the FF strike pattern in habitual RF runners across a range of sub-maximal running speeds. 302
Additionally, in the FF group, there was a trend for the RF strike pattern to be more economical 303 than the FF strike pattern, although statistical significance was only detected when the data were 304 collapsed across groups at the fast speed. Therefore, the second hypothesis, that running 305 economy would not improve when habitual RF runners perform the FF running pattern; and 306 running economy would improve when habitual FF runners perform the RF running pattern, was 307 supported in the RF group for all speeds, and in the FF group at the fast speed. The rate of 308 oxygen consumption increased by 2.3-5.5% and carbohydrate oxidation by 5.1-10.0% in the RF 309 group when running with the FF pattern compared to the RF pattern at each speed. In the FF 310 group, the rate of oxygen consumption and carbohydrate oxidation were similar between 311 footstrike patterns at the slow and medium speeds. However, at the fast speed, the FF pattern 312 resulted in a 2.2% greater rate of oxygen consumption and 3.5% greater relative carbohydrate 313 oxidation compared to the RF pattern when the data were collapsed across group. These results 314 indicate that the RF pattern was more economical than the FF pattern in both groups at the fast 315 speed, but only in the RF group at the slow and medium speeds. Thus, contrary to suggestions 316 that habitual RF runners should switch to a FF pattern to improve running economy (17, 25), 317 there does not appear to be any benefit to running economy by performing the FF pattern, 318 regardless of prior experience with each footstrike pattern. 319
Previous studies investigating running economy between footstrike patterns used 320 participants habituated to either the RF or FF patterns (1, 10, 32). It may be argued that 321 performing the non-habitual pattern resulted in artificially high rates of oxygen consumption 322
given that performing a novel task typically causes an increase in the rate of oxygen 323 consumption and requires habituation to observe any improvement in economy (7, 37) . 324
However, a movement pattern that results in an immediate reduction in rates of oxygen 325 consumption is considered more economical than the original movement pattern (42). In thepresent study, the FF group was more economical than the RF group when performing the RF 327 pattern at the slow and medium speeds. Additionally, the RF pattern was more economical at the 328 fast speed in both groups, indicating that the RF pattern resulted in an immediate improvement in 329 running economy compared to the FF pattern. Together, these findings suggest that training was 330 not necessary for the FF group to have a lower rate of oxygen consumption when performing the 331 RF pattern compared to habitual RF runners or compared to the FF pattern at the fast speed. 332
However, training with the RF pattern may be required to elicit an improvement in carbohydrate 333 oxidation given that the RF group had lower rates of carbohydrate oxidation compared to the FF 334
group. 335
A strength of the present study was that both habitual RF and habitual FF runners were 336 included. Thus, the potential for spuriously high oxygen consumption as a result of performing a 337 novel footstrike pattern was eliminated in our main comparison. This previously unused 338 research design may eliminate the need for long habituation periods when examining metabolic 339 or mechanical differences between footstrike patterns. The present study and others (39, 41) 340 have demonstrated that a long accommodation period is not required in order for RF runners to 341 successfully replicate the lower extremity joint angles of the alternative footstrike pattern. 342 However, differences in running economy variables between groups performing the same 343 footstrike pattern in the present study may be a result of different muscle activation patterns, co-344 contraction, and muscle forces that take longer to accommodate to a new gait pattern than 345 kinematic adjustments (3, 14) . Consequently, a long-term training study would be beneficial, to 346 confirm the results of the present study by comparing running economy before and after 347 neuromuscular and physiological adaptations have accommodated to the alternative footstrike 348 pattern.
The results from the present study may provide a rationale for testable hypotheses of a 350 long-term training study. It is possible that if the RF group sufficiently trained with the FF 351 pattern, running economy when performing the FF pattern could improve. However, the results 352 from the FF group in the present study suggest that habituation to the FF pattern would not result 353 in it becoming more economical than the RF pattern. Conversely, the results from the RF group 354 in the present study suggest that if the FF group had sufficient training with the RF pattern, then 355 this pattern would become more economical than the FF pattern. 356
Altered stride characteristics have previously been observed between footstrike patterns 357 (2, 11, 13, 38) . Deviations from preferred stride length and stride frequency have been shown to 358 increase the rate of oxygen consumption and cost of transport (7, 19, 30, 31) . However, the 359 measure of running economy may not be sufficiently sensitive to be affected by small deviations 360 in stride parameters (i.e. below ±5%) (19, 26) . The present study found less than a 2% 361 difference in stride parameters between RF and FF strike patterns. Thus, stride characteristics 362 likely do not explain the increased rates of oxygen consumption observed with the FF pattern 363 compared to the RF pattern in the present study and another study examining walking (11). In a 364 recent study in which stride characteristics were controlled, no difference was found in running 365 economy between shod RF and shod FF running in a group of habitual FF runners (34). In 366 addition to a small sample size and using runners of only one habitual footstrike pattern, the lack 367 of statistically significant differences might have been the result of participants performing a 368 novel task and performing that task using prescribed (i.e. not self-selected) stride parameters 369 with the alternative footstrike pattern. 370
Contact time has previously been found to be inversely related to the metabolic cost of 371 running (22, 23, 42, 43) . This cost of generating force hypothesis (23) was supported in the RF 372 group at the slow and medium speeds and across groups at the fast speed. During these 373 conditions, FF running resulted in a shorter contact time and greater rates of oxygen 374 consumption than RF running. Conversely, contact time differed between footstrike patterns in 375 the FF group at the slow and medium speeds although no differences in the rates of oxygen 376 consumption were observed in this group at these speeds. These findings from the FF group 377 during the slow and medium speeds do not support the cost of generating force hypothesis. 378 Therefore, depending on running speed and habitual footstrike pattern, the FF running pattern 379 may represent a condition, additional to surface hardness and surface gradient, in which the 380 metabolic cost of force generation hypothesis does not hold (2, 22) . 381
Although the present study found that FF running resulted in greater rates of oxygen 382 consumption in the RF group at all speeds and across groups at the fast speed, group mean 383 percent differences in rates of oxygen consumption between footstrike patterns at each speed 384
ranged from approximately 2-5%. Variation in the rate of oxygen consumption above 5% may 385 be needed to detect biologically meaningful differences in running economy between conditions 386 or individuals (4, 29, 33, 36) . However, individual results showed percent differences in rates of 387 oxygen consumption up to 13% between footstrike pattern conditions. At the slow speed, 61% 388 of the RF group participants but only 28% of the FF group participants had a 5% difference or 389 greater in the rate of oxygen consumption between footstrike patterns (Table 2) . Additionally, 390 the RF pattern reduced the rates of oxygen consumption in more participants, regardless of 391 habitual footstrike pattern, compared to the FF pattern. These findings suggest that the acute 392 response to switching footstrike patterns with respect to running economy is highly 393 individualized but the RF pattern may be more beneficial to most runners. Recreational runners 394 may find a benefit in maintaining or switching to the RF pattern only if it results in a 5% or 395 greater difference in rates of oxygen consumption compared to the FF pattern. In elite athletes, 396 however, any enhancement in running economy may improve his or her placement in an 397 endurance race (5). 398
Improvements in the relative contribution of carbohydrate oxidation to total energy 399 expenditure may also be beneficial to both elite and recreational runners. The rate of 400 carbohydrate oxidation is especially important during long endurance events that have the 401 potential to deplete muscle glycogen stores and is thus the limiting factor in performance of 402 endurance events (10). Compared to RF running in the present study, FF running resulted in 403 greater carbohydrate oxidation at the slow speed in the RF group and across groups at the 404 medium speed. Therefore, at these running speeds, the RF pattern may confer benefits in 405 endurance events because carbohydrate oxidation was reduced compared to the FF pattern. In a 406 recent study on recreational, sub-elite runners, it was found that FF runners switched to a RF 407 pattern between the 10 km and 32 km locations of a marathon (24). The participants ran at 408 speeds within the range included in this study. Taken together, this previous and the present 409 study suggest that a change to a RF pattern within a race may be a mechanism to conserve 410 muscle glycogen stores, allowing runners to run longer before muscle glycogen depletion occurs. 411
Although this finding may also be highly individualized and dependent on relative running 412 intensity, the present study found that approximately 75% of the RF group participants and 61% 413 of the FF group participants had greater rates of carbohydrate oxidation with the FF pattern 414 compared to the RF pattern at each speed (Table 2) . 415
The present study was the first to detect significant differences in running economy 416 between RF and FF strike patterns to our knowledge. The discrepancy between findings of the 417 present compared to previous studies may be a result of the differences in the speeds tested or the 418 number of participants, but is also likely due to the inclusion of both habitual RF and habitual FF 419 runners in the present investigation (1, 10, 33) . The present study found that the FF pattern was 420 less economical than the RF pattern in habitual RF runners at all speeds and in both RF and FF 421 runners at the fast speed. These findings support previous studies that identified features 422 characteristic of the RF strike pattern to be associated with more economical runners (16, 41) . 423
Despite these previous findings, it has been suggested that the FF pattern may be more 424 economical as a result of greater elastic energy utilization in the longitudinal arch of the foot and 425 in the Achilles tendon (17, 25, 34) . Although a previous study suggested greater elastic energy 426 return with FF running estimated from external mechanical work ratios (2), the difference in 427 elastic energy utilization between footstrike patterns in these anatomical structures has yet to be 428 investigated directly. The results from the present study suggest that if the FF pattern results in 429 greater elastic energy utilization in these structures, then it may not result in a reduction to total 430 body metabolic cost. It is possible that any metabolic benefit of an increase in elastic energy 431 utilization may be negated by the substantial forces required by the plantar flexors during FF 432 running compared to RF running (34). FF running may also be less economical because of the 433 smaller amount of shoe cushioning in this area compared to the heel (15). By not utilizing shoe 434 cushioning in FF running, additional muscular contractions may be needed to attenuate impacts 435 thus increasing metabolic energy consumption (43). 436
In conclusion, the results from the present study indicated that there was no difference in 437 running economy between habitual RF and FF runners performing their habitual footstrike 438 pattern. However, performing the alternative footstrike pattern resulted in significantly greater 439 rates of oxygen consumption in the RF group at the slow and medium speeds and in both groups 440 at the fast speed. Additionally, FF running resulted in greater relative contribution ofcarbohydrate oxidation to total energy expenditure in the RF group at the slow speed and across 442 groups at the medium speed. 3.5 ± 0.9 3.7 ± 0.3 Weekly distance, km 42.9 ± 29.0 49.8 ± 25.9 Strike Index, % * 12.4 ± 7.8 57.0 ± 12.1 Ankle angle at touchdown, deg * 13.6 ± 4.6 -5.4 ± 6.7 -8.4 ± 3.4 7.5 ± 2.7 -5.7 ± 3.6 0.3 5.0 medium* 7.6 ± 2.5 -8.4 ± 3.5 6.1 ± 2.7 -6.1 ± 3.7 0.1 4.6 fast* 7.6 ± 3.2 -9.0 ± 3.1 6.6 ± 2.8 -6.7 ± 4.0 0.2 4.6 SL, m slow † 2.17 ± 0.14 2.14 ± 0.14 2.17 ± 0.17 2.14 ± 0.14 0. 
